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Characterization of 3D interconnected
microstructural network in mixed ionic and
electronic conducting ceramic composites†
William M. Harris,‡ab Kyle S. Brinkman,‡ac Ye Lin,af Dong Su,d Alex P. Cocco,ab
Arata Nakajo,ab Matthew B. DeGostin,ab Yu-chen Karen Chen-Wiegart,e Jun Wang,e
Fanglin Chen,af Yong S. Chug and Wilson K. S. Chiu*ab
The microstructure and connectivity of the ionic and electronic
conductive phases in composite ceramic membranes are directly
related to device performance. Transmission electron microscopy
(TEM) including chemical mapping combined with X-ray nano-
tomography (XNT) have been used to characterize the composition
and 3-Dmicrostructure of a MIEC compositemodel system consisting
of a Ce0.8Gd0.2O2 (GDC) oxygen ion conductive phase and a CoFe2O4
(CFO) electronic conductive phase. The microstructural data is dis-
cussed, including the composition and distribution of an emergent
phase which takes the form of isolated and distinct regions. Perfor-
mance implications are considered with regards to the design of new
material systems which evolve under non-equilibrium operating
conditions.
Ceramic membranes which transport oxygen ions play an
essential role in a number of energy conversion systems
including solid oxide fuel cells (SOFC),1 Li–air batteries,2 oxygen
separation and permeation membranes for oxygen produc-
tion,3–5 partial oxidation of methane6,7 and clean coal produc-
tion via oxy-combustion resulting in signicant reductions in
CO2 emissions from coal red power plants.8,9 In addition to
energy generation systems, ceramic membranes have the
potential to be increasingly prominent in advanced
manufacturing processes including electrochemical reduction
cells for metals processing10,11 and spent nuclear fuel re-pro-
cessing12 as well as high temperature electrolysis cells for
hydrogen production13 and state of the art combustion control
sensors.14
The properties and function of these devices are controlled
by mixed ionic-electronic conductivity (MIEC) in the respective
material system. MIEC can be achieved by either (i) selecting a
material which supports both ionic and electronic conduction
or (ii) forming a two phase composite of an ionic conductor and
an electronic conductor with the appropriate microstructure
consisting of two percolated networks. The present work
focuses on the latter strategy for tailoring MIEC, namely fabri-
cating a composite of ionic and electronic conductive materials.
The inherent exibility of multiphase systems makes it more
feasible to tune the various properties needed to satisfy the set
of stringent chemical, electrical, thermal and mechanical
properties for a variety of MIEC applications. In this work,
Ce0.8Gd0.2O2 (GDC) was chosen as the oxygen ion-conducting
phase due to its excellent ionic conductivity near 0.1 S cm1 at
800 C.15 The chosen electronic conductor is CoFe2O4 (CFO) due
to its stable spinel structure and electronic conductivity greater
than 1 S cm1 at 800 C.16,17 This system has previously
demonstrated high oxygen ux and stability under reducing
environments in the presence of CO/CO2, and serves as a model
system for general composite membrane studies.4,16,18,19
It is recognized that the performance of ceramic composites
are not necessarily bounded by the properties of the individual
constituents; the interaction of these phases including interfa-
cial contributions and phase evolution may result in a global
response diﬀerent than the properties expected from simple
mixture rules.20 The emergent properties arising from these
interactions at the mesoscale present new opportunities, as well
as challenges, for materials performance and functionality.21 In
MIEC ceramic membranes composites, reactions between the
constituent phases may result in additional interfacial or bulk
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phase formation that impact ionic and electronic transport. For
example, Kharton in 2001 reported an order of magnitude drop
in the ionic conductivity of a Ce0.8Gd0.2O2–La0.7Sr0.3MnO3
(GDC–LSM) composite membrane aer elevated temperatures
and longer sintering times were used for membrane fabrica-
tion.22 This behavior was primarily attributed to the formation
of resistive “blocking” layers at GDC–LSM interfaces inhibiting
ionic transport. An additional eﬀect to consider was changes in
stoichiometry due to the potential diﬀusion of La3+ and Sr3+ into
the GDC lattice, resulting in the formation of defect associates
between oxygen vacancies and dopant cations and thus
reducing ionic conductivity. In the GDC–CFO system there is
currently limited understanding of the impact of these inter-
facial phases on system performance.16 In addition, uninten-
tional formation of new phases in a bulk manner (whether it be
during material processing or operation), on the same length
scale as the primary phases, may also have impacts on the
membrane performance, particularly from a transport
perspective.
Recently, synchrotron based 3-D tomography has been used
to provide elemental and chemical state specic information for
NiO/Li battery electrodes and track changes occurring in Fe2O3–
Fe2TiO5 catalyst as well as explore the mechanism of reduction–
oxidation cycling of nickel based oxides in solid oxide fuel
cells.23–25 This technique addresses unexplored issues at the
mesoscale; how do the phases, interfaces, resulting micro-
structure and potential changes during operation eﬀect
performance? Here we demonstrate the use of this technique to
identify and map distinct phases in MIEC ceramic composite
membranes. Ultimately, this 3-D microstructural data with
varying volume fraction of mixtures and microstructures will be
incorporated into computer based simulations in order to
predict and design new material systems with emergent prop-
erties as well as predict the performance of current material
systems which evolve under non-equilibrium operating
conditions.
The composite membranes were prepared by mixing the
respective volume percent of the ionic conductive phase
Ce0.8Gd0.2O2d (InfraMat Advanced Materials LLC) and the
electronic conductive phase CoFe2O4 (InfraMat Advanced
Materials LLC) by ball milling powder in ethanol for 6 hours.
The composition was xed at 60 volume percent GDC and 40
volume percent CFO (60GDC–40CFO) in the present study. Aer
drying and sieving, ceramics were mixed with a binder and
uniaxially pressed into pellets of 16 mm diameter with a force of
20 kN and sintered in air at 1300 C for 2 hours. The sintering
temperature was selected as a compromise between the typical
temperatures used for GDC and CFO sintering which are about
1500 C and 1000 C, respectively.26 A ramp rate of 2 C per
minute was used during heating and cooling stages.
In order to conrm the chemical phases present and the
spatial resolution required for X-ray nanotomography (XNT)
experiments, MIEC starting materials and ceramic membranes
were characterized by High Resolution Transmission Electron
Microscopy (HRTEM). Samples of the GDC and CFO powders
were prepared for electron microscopy by supersonic dispersion
followed by careful dipping onto a Holey Carbon 400 mesh Cu
grid (Ted Pella, Inc.) The sintered GDC–CFO membranes were
prepared by a classic dimpling method using a Gatan dimpler
626 with the nal sample thickness reduced to less than 10 nm
accomplished by ion milling (Fischione Model 1010). Scanning
Transmission Electron Microscopy (STEM) with high-angle
annular dark-eld imaging (HAADF) and Energy Dispersive
X-ray (EDX) mapping (with scan speed 0.6 nm s1) were per-
formed to distinguish each constituent phase in the composite.
Bright eld (BF) images and selected area electron diﬀraction
(SAED) patterns were acquired using a JEOL-2100F TEM
equipped with a Schottky eld-emission gun (FEG), with Cs ¼
1.0 mm operated at 200 kV.
Electron microscopy of the GDC and CFO starting powders is
shown in Fig. 1. As shown in Fig. 1a, the individual nano-sized
GDC powder is in the range of 12–50 nm. The SAED (Fig. 1b) can
be indexed to GDC (ICSD #28796), with cubic symmetry and
lattice constant of a ¼ 5.42 A˚, with no other secondary phases
observed. The BF image of CFO in Fig. 1c shows mainly two
diﬀerent size distributions of particles which are labeled by
circles (A) and (B). Particles in the (A) area are smaller size
particles in the 5–10 nm range, while larger particles (100–
250 nm) are found in (B) area phases. The SAED pattern on the
CFO powder, shown in (d), was well indexed to ICSD #109045 as
CoFe2O4 exhibiting a cubic structure with a¼ 8.39 A˚ and a space
group of Fd3m (227).
The elements and phase distribution of the sintered 60GDC–
40CFO composite were discriminated using Z-contrast imaging,
generated by HAADF-STEM and EDX as shown in Fig. 2. Three
diﬀerent contrast levels (bright, grey and dark) could be clearly
found based on the HAADF image (Fig. 2a), indicating diﬀerent
average Z values of three solid phases. The EDX mapping in
Fig. 2b–e could further be used to help distinguish the phases'
Fig. 1 (a) BF image and (b) SAED of GDC powder. (c) BF image and (d)
SAED of CFO powder.























































constituent elements. The primary phases of GDC and CFO
contain Gd/Ce and Co/Fe respectively, as expected, corre-
sponding to the grey and dark grains in Fig. 2a respectively. In
addition to these two phases, a brightest and heaviest phase
seen in Fig. 2a is an emergent phase, which can be seen in the
EDX maps to contain Gd, Ce, Co and Fe. More substantial
quantitative analysis in the ESI† suggests a chemical formula
of Gd0.374Ce0.079Co0.077Fe0.47Ox, but for simplicity the phase
will be denoted as GFCC. The electron energy loss spectros-
copy (EELS) scan taken inside the GFCC grains (Fig. S2†) also
show the “ngerprints” for all four elements. In addition, this
will be veried using a 3-D imaging method in the following
section.
Although advantageous in terms of its chemical mapping
capabilities and spatial resolution, the electron microscopy
imaging and elemental mapping results could only produce a
2D description of the complex microstructure of the composite
material. To achieve a truly 3D quantitative description of the
composite, the 3-D microstructure of the material was
measured using X-ray nanotomography (XNT), which was per-
formed on the transmission X-ray microscope (TXM) at the
National Synchrotron Light Source, beamline X8C.27 Energy
tuning capability of synchrotron X-rays, employed in XNT
measurements, allowed imaging of 3D distributions of the
diﬀerent material phases identied in the electron microscopy
studies. Element-sensitive XNT measurements were performed
at X-ray beam energies above and below elemental absorption
edges, in order to invoke substantial elemental contrast in the
absorption images.25,28 For the materials in this study, tomo-
graphic imaging spanning the Fe K edge (7112 eV) and Gd L3
edge (7243 eV) was performed by imaging at 7090, 7200, and
7280 eV, as shown in Fig. 3. Approximations of X-ray absorption
behavior shown in Fig. 3 suggest distinguishing the expected
phases by the following criteria:29
 GDC: no change across Fe K edge, very small increase
across the Gd L3 edge.
 CFO: increase in attenuation across Fe K-edge, at across
Gd L3 edge.
 GFCC: attenuation increases across both Fe K- and Gd L3
edges.
 Pore: negligible attenuation at all energy levels.
The sample used for the XNT measurements was prepared
using a focused ion beam-scanning electron microscope.30 The
ion beam was used to mill a cylindrical sample approximately
10 microns in diameter and height. A micromanipulator probe
was used to li the sample from the bulk material and move it
Fig. 2 (a) HAADF image for the GDC–CFO (60% GDC, 40% CFO by volume) sample. (b–e) STEM elemental mapping for Gd (green), Ce (red), Co
(cyan) and Fe (blue) respectively. (f) Composite elemental map of Gd, Ce, Co, and Fe.
Fig. 3 Density-based approximations show X-ray absorption behavior
spanning the Fe K edge (7112 eV) and the Gd L3 edge (7243 eV). XNT
imaging was performed at 7090, 7200, and 7280 eV to span both
absorption edges and identify the solid phases based on their contrast
change across each edge.























































to the tip of a stainless steel pin, to which it was attached with
platinum deposition.
The sample was then mounted in the TXM at NSLS, with an
X-ray zoneplate providing 30 nm spatial resolution. For each
energy level (7090 eV, 7200 eV, and 7280 eV), tomography was
performed by rotating the sample over a range of 180 degrees at
0.25 degree increments. At each angle, a projection image was
collected with an exposure time of 20 seconds and a camera
binning value of 2 (giving an image pixel size of 19.5 nm). The
camera position was adjusted between each data set to main-
tain a consistent magnication of the sample. Each tomo-
graphic data set was reconstructed using a ltered back
projection algorithm to generate three 3-D volumes. Cross-
sectional slices representative of each energy level are shown in
Fig. 4a–c.
Minor pixilation, imaging artifacts, and outlier pixels were
removed from each data set using a 3-D median lter, which
replaces each voxel with the median of its value and its six
nearest neighbors. Subtraction of the volumes spanning the Fe
K edge (Fig. 4d, 7200–7090 eV) and the Gd L3 edge (Fig. 4e,
7280–7200 eV) was performed on a voxel-by-voxel basis to
highlight the attenuation changes across the absorption edges.
Using the contrast, regions belonging to each phase could be
identied based on the listed criteria. In addition, a maximum
gradient magnitude map was created by taking the maximum of
the gradient of Fig. 4a–c on a voxel-by-voxel basis. The identied
phase regions and the gradient map were used as inputs to a
watershed algorithm (with the identied regions serving as
seeds, and the gradient map dening phase boundaries) to
create a segmented structure, as shown in Fig. 4f.
Although cross-sectional 2-D slices are shown in Fig. 4 for
demonstration purposes, the entire process was conducted in
3-D. Several orthographic views of the 3-D structure are shown
in Fig. 5a, and an animation of the segmented sample is
available online as ESI.† The 3-D structure was used to compute
size distributions, volume fraction, tortuosity, and contiguity of
each phase. Details of these calculations are provided in the ref.
31 and 32. The size distributions of each phase are shown in
Fig. 5b, and the other properties are reported in Table 1. The
GDC and CFO can both be characterized by a mean “particle”
diameter of over 1 micron, whereas the GFCC and pore phases
are mostly in the sub-micron range. The mean is evaluated on a
volume-weighted basis for each phase, i.e. an equal volume of
each phase is contained above and below its characteristic
mean. The small size of the pore and GFCC phases helps
explain why they form only isolated regions, and would likely
not be substantial obstacles to transport.
The spatial variation in the property values was tested by
analyzing multiple smaller sub-volumes of the structure. Only
minor variations of the properties were observed, indicating
that the properties reported in Table 1 are volume-independent.
The measured volume fractions of GDC and CFO are similar to
the nominal composition of the fabricatedmembrane (60% and
Fig. 4 X-ray nanotomography imaging of GDC–CFO. (a), (b), and (c) cross sectional slices of the nanotomography data obtained at each energy
level (Fig. 3). (d) Absorption contrast across the Fe K edge. (e) Absorption contrast across the Gd L3 edge. (f) Segmented, labeled structure.
Fig. 5 (a) Orthographic views demonstrate the 3-D structure. (b)
Phase size distributions for the full 3-D structure.























































40%, respectively) with some clear loss of each phase contrib-
uting to the formation of the GFCC phase, which accounts for
9% of the structure, by volume. Pores account for the remaining
1% of the volume. As such small constituents, the pores and
GFCC each consist of completely isolated regions, and form no
connected percolating networks through the material. The lack
of a contiguous pore structure is important in preventing gas
crossover, which would reduce the chemical potential driving
force for separation applications. The formation of isolated and
distinct GFCC regions may produce such eﬀects as the
geometric alteration of transport pathways and change of local
stoichiometry in neighboring phases. With the pore and GFCC
phases accounting for 10% of the volume, the GDC and CFO
both still form nearly completely connected networks with very
few isolated regions, and as such still serve as eﬀective transport
pathways with tortuosity values of 1.24 and 2.6, respectively.
Both values of tortuosity are modest, and while the higher
tortuosity of CFO does represent a less direct electron transport
pathway, the electronic conductivity of CFO is about an order of
magnitude higher than the ionic conductivity of GDC, meaning
the electron transport geometry is unlikely to be a limiting
factor. Considering the implications on bulk transport only, the
main impact from the emergent GFCC phase formation is a
depletion of Gd from the oxygen ion transport phase GDC. This
reduces the Gd content from 0.2 to 0.16 (Ce0.8Gd0.2O2d vs.
Ce0.84Gd0.16O2d), resulting in a slight decrease in the bulk
oxygen ion conductivity.15 Conversely, the possibility of some
appreciable ionic conduction in the emergent GFCC phase and
its associated new type of grain boundaries could lessen nega-
tive impacts on the membrane transport behavior, and is an
area of ongoing investigation. Lastly, the formation of an
emergent bulk phase, which is relatively isolated in the micro-
structure, may be benecial compared to the possible addi-
tional formation of a Gd-rich interface in CeO2 or other
interfacial phases, which block ionic transport as has been
observed in other MIEC material systems.15,22
The resulting 3-D nanostructures obtained from XNT are
especially useful for computational studies aimed at predicting
material system properties. It is ultimately envisioned that the
desired microstructure, volume fraction of individual phases,
morphology and interfacial properties will be predicted by
computer based simulations instead of trial and error meth-
odologies. The current work outlines a methodology of mate-
rials characterization consisting of TEM coupled with XNT for
the determination of the 3-Dmicrostructures of the bulk phases
in the GDC–CFOmodel system with a resolution of30 nm as a
rst step in this process. However, it is realized that engineered
interfaces (i.e., grain boundaries) and tailored defects should be
a key focus area for the design and fabrication of next genera-
tion energy conversion systems including ceramic MIEC
composites. This will require more detailed characterization of
the interfaces in MIEC composites using HRTEM and higher
resolution XNT with resolution greater than 10 nm that can
potentially probe the interfacial regions resulting in chemical
information including tomographic mapping of bulk and grain
boundary interfacial regions in polycrystalline materials.
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